Choleraphage +149 differentiates the two biotypes, classical and el tor, of Vibrio cholerae. This phage cannot replicate in V. cholerae biotype el tor cells because the concatemeric DNA intermediates produced are unstable and cannot be chased to mature phage DNA. A V. cholerae biotype el tor gene coding for a 14,000-Da inner membrane protein which destabilizes the concatemeric DNA intermediates by hindering their binding to the cell membrane has been identified. Presumably, a 22,000-Da V. cholerae biotype el tor protein might also have a role in conferring phage +149 resistance to cells belonging to the biotype el tor. A nucleotide sequence homologous to the 1.2-kb V. cholerae biotype el tor DNA coding for both the 14,000-and 22,000-Da proteins is present in all strains of classical vibrios but is not transcribed. The nucleotide sequence of the gene coding for the 14,000-Da protein has been determined.
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Vibrio cholerae strains of serotype 01 comprise two different biotypes, classical and el tor. Of the seven pandemics of cholera recorded in recent times, V. cholerae biotype el tor has been identified as the causative agent of the seventh pandemic, while the previous ones were due to the classical strains. Recently, there has been a resurgence of classical vibrios in certain areas of endemicity (33) . In spite of broad similarities in the nature of infection by the classical and el tor vibrios, important differences exist in the epidemiology of el tor compared with that of classical vibrios. The ratio of asymptomatic infection to clinical illness is greater with the el tor biotype than with the classical vibrios (2) , and the el tor vibrios survive longer under unfavorable conditions. Both the classical and the el tor strains of V. cholerae react with V. cholerae antisera, and taxonomic studies have shown that these two biotypes are the same species (12) . They are isogenic, and tests to distinguish them often give ambiguous results (16) . One of the most reliable criteria differentiating between these two biotypes is their susceptibility to group IV choleraphages. This group of choleraphages can infect and lyse all strains of classical vibrios but none of the el tor biotype (24) .
The process of infection by phage 4149, a representative strain of group IV choleraphages, has recently been examined for classical vibrios. Phage 4149 is a large virus and contains a linear double-stranded DNA molecule with a size of 102 kb (36) . The DNA molecules are a limited set of circular permutation of the phage genome and have several single-strand interruptions along their length that are repairable by DNA ligase (36) . The phage DNA codes for 26 early and 23 late proteins (31) . The intracellular replication of phage 4149 DNA involves a concatemeric DNA replicative intermediate serving as the substrate for the synthesis of mature phage DNA, which is eventually packaged by a headful mechanism (11) . The growth of this phage is extremely sensitive to the concentration of phosphate ions, and no phage growth occurs in medium containing more than * Corresponding author. 0.1% phosphate (31) . After infection under high-phosphate conditions, concatemeric DNA structures are not formed, although synthesis of monomeric molecules is unaffected (11) .
Phage 4149 adsorbs irreversibly to the biotype el tor cells, and 50% of the injected phage DNA binds to the cell membrane. Synthesis of monomeric phage DNA continued, similar to that observed for the permissive host. However, the concatemeric DNA intermediates produced were unstable and could not be chased to mature phage DNA (9) . Although most of the early proteins are made, only some of the late proteins were transiently synthesized for infection in el tor cells. Formation and stabilization of concatemeric DNA structures essential for the synthesis of mature phage DNA and their packaging into phage heads are not hindered in V. cholerae biotype el tor cells for the replication of choleraphage 4138 belonging to serological group II. This phage also contains a linear double-stranded circularly permuted DNA molecule and can replicate in both V. cholerae classical and biotype el tor cells (10) . Thus, some function present in the el tor biotype and not in the classical vibrios might be specifically involved in the destabilization of the concatemeric DNA during replication of group IV choleraphages in V. cholerae biotype el tor cells. The present report describes experiments to identify the relevant host gene(s (11) .
Isolation of DNA and RNA. Cellular DNA was isolated from 500 ml of stationary-phase culture, purified by treatment with DNase-free RNase and pronase, and stored at 4°C in 10 mM Tris-HCl (pH 8.0)-i mM EDTA buffer (27) .
Plasmid DNA was prepared by the method of Birnboim and Doly (6) . Total cellular RNA was isolated from cells in the logarithmic phase of growth by the method of Chomczynski and Sacchi (8) .
Transformation and conjugation. Transformations in Escherichia coli were performed by using standard methods (22) . The transformation of V. cholerae cells by plasmid DNA was carried out by using the recently described method of Panda et al. (27) . The plasmid pSUP106 and its derivatives pDB350, pDB180, and pDB120 were conjugally transferred to V. cholerae 569B cells as described previously (18) .
Nuclease digestion and Southern and Northern blotting. Digestion of DNA with different endonucleases was carried out according to the instructions of the manufacturers. Whenever required, DNA fragments were recovered from low-melting-point agarose gels. For construction of physical maps, linkages between the restriction fragments were determined either from an analysis of partial-digestion products or from restriction fragments produced by a mixture of the enzymes. Digestion of restriction fragments with Bal 31 was used to confirm the linkages.
For Southern blot experiments, approximately 5 ,g of DNA to be analyzed was digested with the desired restriction enzymes and electrophoresed on agarose (0.8%) slab gels at 3 V/cm of gel. The gels were stained with ethidium bromide, irradiated with UV light to nick the DNA, denatured, and blotted to nitrocellulose (37) . Hybridization was carried out at 60°C without formamide. The filters were washed, dried, and exposed to X-ray films.
For Northern (RNA) blotting, approximately 10 ,g of total RNA was electrophoresed on 1% formaldehyde-agarose gels and transferred to nitrocellulose (22) . Hybridization was carried out at 37°C in 50% formamide with Denhardt buffer (22) . The filters were washed at room temperature, dried, and exposed to Kodak XR-5 film with an intensifying screen.
Nick translation. Approximately 1 ,ug of the desired DNA fragments was nick translated by using [a-32PJATP (Amersham International, Amersham, United Kingdom) and DNA polymerase 1 (22) . The reaction was carried out at 16°C for 1 h, and the nick-translated DNA was separated from the unincorporated [o-32P]ATP by being passed through a Sephadex G50 column.
Gel electrophoresis. Analysis of DNA restriction fragments was done with agarose (0.8%) horizontal slab gels or polyacrylamide vertical slab gels as described previously (28) . For electrophoresis of RNA, formaldehyde-agarose gels were used (22) . Proteins were analyzed in 12% polyacrylamide gels containing 0.1% sodium dodecyl sulfate (SDS) by the method of Laemmli (20) .
Protein labeling in maxicells. Plasmid-coded proteins were examined by the maxicell method (34) . E. coli CSR603 carrying either pUC18 or pUC18 containing the 3.5-or 1.2-kb V. cholerae biotype el tor DNA fragment was grown (2 x 108 CFU/ml) in minimal medium containing 1% Casamino Acids. The cells were irradiated with UV light (50 J/m) and incubated at 37°C for 1 h. At the end of the period, 200 ,ug of D-cycloserine was added, and the incubation was continued for 16 h at 37°C. The cells were then harvested, suspended in fresh sulfur-depleted medium, incubated at 37°C for 1 h, and labeled with 5 ,uCi of [35S]methionine (Amersham International, Amersham, United Kingdom) per ml for another hour. The labeled cells were harvested and washed, and when required, membrane samples were prepared by sonication and centrifugation (15) . Either wholecell lysates or membrane preparations were suspended in electrophoresis sample buffer and analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) followed by autoradiography of the dried gels as described previously (31) .
DNA sequencing. The DNA sequence was determined by the dideoxynucleotide chain termination method (35 A cleavage map of the 3.5-kb DNA segment was constructed by using several restriction enzymes (Fig. 1) . The enzyme PstI has a single site in the 3.5-kb DNA fragment and produced two fragments with sizes of 1.8 and 1.7 kb. Both these fragments were cloned in plasmid pSUP106 and conjugally transferred to V. cholerae 569B. Cells harboring the recombinant plasmid pDB180 carrying the 1.8-kb DNA fragment (Fig. 1) Fig. 2A, lane c) . The 3.5-kb DNA of the plasmid pDB350 also coded for these two proteins (Fig. 2A, lane b) . The level of expression of the 14,000-Da protein was about 10-fold less than that of the 22,000-Da protein. proteins were analyzed by SDS-PAGE and autoradiography. Surprisingly, only the 14,000-Da protein could be detected in V. cholerae cells carrying plasmid pDB120 (Fig. 2B, lane c) . Neither the 22,000-Da nor the 14,000-Da protein was detected in V. cholerae cells carrying plasmid pSUP106 (Fig.  2B, lane b) or in cells of strain 569B (Fig. 2B, lane a) .
The 22,000-Da protein encoded by the 1.2-kb V. cholerae biotype el tor DNA fragment in E. coli CSR603 cells could not be detected in V. cholerae cells carrying the cloned 1.2-kb DNA fragment. It has been demonstrated that the 22,000-Da protein of V. cholerae biotype el tor represents the sulA gene product, an inhibitor of cell division, and is cleaved following the activation of recA protease (unpublished observation). As opposed to E. coli CSR603 cells, which have mutations in the recA, gyrA, and phr genes, the V. cholerae cells used were wild type for these gene functions. Under the maxicell experimental conditions, the recA protease of V. cholerae is activated and cleaves the 22,000-Da protein encoded by plasmid pDB120. This explains why the 22,000-Da protein could not be detected in V. cholerae cells carrying plasmid pDB120 (Fig. 2B, lane c) . Furthermore, when plasmid pDB120 was cloned in E. coli JM101, which is also recA+, and the plasmid-coded proteins were examined, the 22,000-Da protein could not be detected.
V (Fig. 2C, lane d) . This protein was not detected either in the outer membrane preparation or in the cytoplasmic fraction (Fig. 2C, lane b) of cells carrying plasmid pDB120. When these experiments were repeated with V. cholerae 569B cells carrying plasmid pSUP106 without the insert, the 14,000-Da protein could not be detected in the inner membrane (Fig.  2C, lane c) , the outer membrane, or the cytoplasmic fractions (Fig. 2C, latie a) . When the 1.2-kb DNA fragment was cloned in the chloramphenicol acetyltransferase site of the plasmid pSUP106, there was no synthesis of the chloramphenicol acetyltransferase protein in cells carrying the recombinant plasmid (Fig. 2C, lane b) . When the inner and outer membrane and the cytoplasmic proteins of V. cholerae 569B cells carrying plasmid pRC110 were analyzed by SDS-PAGE, the 14,000-Da protein could not be detected in any of the subcellular fractions (Fig. 2C, lane e) .
Replication of +149 in V. chokerae cells carrying the plasmid pDB120. To investigate whether presence of the 14,000-Da protein in V. cholerae cells produces an effect on 4149 replication similar to that reported for V. cholerae biotype el tor cells (9) , the intracellular replication of phage +149 in the permissive host carrying the plasmid pDB120 was examined. V. cholerae 569B carrying the plasmid pDB120 was infected with phage 4149 at a multiplicity of infection of 10, and the pulse-labeled intracellular DNA was analyzed by neutral sucrose gradients at different times during infection. Up to approximately 15 min after infection, most of the pulselabeled DNA cosedimented with the 32P-labeled 4149 DNA used as a marker. Phage DNA synthesized 30 min after infection sedimented faster than the monomeric DNA and was distributed in a wider peak (Fig. 3Aa) , similar to that reported for infection in V cholerae biotype el tor cells (9) . Up to 60 min of infection, the synthesis of this concatemeric DNA continued at a reduced rate (Fig. 3Aa) and none of the newly synthesized DNA molecules were resolved as monomeric units in the gradients (Fig. 3Aa) .
At a time during infection when synthesis of the high- by freezing and thawing, and the lysates were analyzed by sedimentation through neutral sucrose gradients to detect membrane-associated DNA as described in Materials and Methods. About 60% of the input parental label was associated with the cell membrane (Fig. 3B) . However, unlike that observed for infection in the permissive host, at no time during infection was the newly synthesized DNA associated with the cell membrane. The presence of the 14,000-Da protein in the inner membrane presumably hinders membrane association of the 4149 concatemeric DNA. This experiment was repeated with phage 4138 which also contains a linear double-stranded circularly permuted DNA molecule (10) . The presence of the 14,000-Da protein had no effect on the membrane binding of the concatemeric DNA replicative intermediate produced during 4138 replication. Thus, the 14,000-Da protein selectively affects the membrane association of the 4149 concatemeric DNA. The 1.2-kb DNA sequence is present in classical vibrios. Dot blot hybridization of several strains of classical vibrios with the nick-translated 1.2-kb DNA as a probe showed that all strains of classical vibrios examined hybridized with the 1.2-kb V. cholerae biotype el tor DNA fragment. Several E. coli strains used as controls did not hybridize with the 1.2-kb DNA sequence. By using one representative strain of each of the classical and el tor biotypes, Southern blot hybridization was carried out by digesting the cell DNA with the enzyme EcoRI, using the 1.2-kb DNA as a probe. As expected, the 1.2-kb DNA probe hybridized with the 3.5-kb fragment of EcoRI-digested V. cholerae biotype el tor DNA (Fig. 4, lane b) . Although classical vibrios are reported to be isogenic with the biotype el tor, the 1.2-kb DNA probe hybridized with 2-kb fragments of EcoRI-digested V. cholerae 569B DNA (Fig. 4, lane c) . To examine whether the observed restriction fragment length polymorphism can be used to differentiate classical vibrios from the biotype el tor by using the 1. (Fig. 5, lanes a and c) . The two bands with sizes of 370 and 630 bases correspond to transcripts of the 14,000-and 22,000-Da proteins. RNA from V. cholerae cells (Fig. 5, lane  b) , cells carrying plasmid pSUP106, and E. coli cells (Fig. 5 Fig. 6 . That the identified open reading frame produces the 14,000-Da protein (Fig. 2C) was confirmed by deleting the first 100 bp of the 1.2-kb DNA fragment and examining the protein produced in maxicell experiments. Following deletion of these base pairs, the 14,000-Da protein could not be detected (Fig. 2B, lane d; Fig. 2C , lane e). The Shine-Dalgarno sequence of the type -G- G-G-A-G-G-G-A-,  -A-G-G-, -G-G-A-, or -G-A-G-5 to 9 nucleotides upstream of the initiator codon is not present in the DNA sequence. The absence of a strong ribosome binding site might be responsible for the low level of expression of the gene product ( Fig.  2A, lane c) . The AATTCGGCATTGGTCAACACGG ATG TTG GGG CAC AAA GGT TAT AAG   L  G  H  K  G  Y  K   30  40  50  60  GAC GCG TTT GAC GCT GTT GTT TCA AGC AGA AAA AGG ATG CGC GCA  D  A  F  D  A  V V  S  S  R  K  R M  R  A   70  80  90  100  110   CCA TAT CCT GCA TAT GGA TCC AAG GCA TGT ATT GTT GCC CAT CTC   P  Y P  A  Y  G  S  K  A  C  V  A  H  L   120  130  140  150  CAA TCG GCC CTC CTA ACC CGA GTC GAT AAG GGG GAA GCA TTT TTT  o  s  A  L  L  T  R  V  D  K  G  E  A  F  F   160  170  180  190  200  TCA GTG CCC CAC CTT CCG GTG CTA GCA CGA TTC CTG TAC GTA (Fig.  3A) as was observed for infection in the el tor biotype (9) .
Several phage functions responsible for the synthesis and stabilization of concatemeric DNA intermediates produced during replication of circularly permuted or terminally redundant DNA phages have been identified (9, 17, 23, 29) . One of the host functions known to influence the stability of concatemeric DNA intermediates during intracellular replication of bacteriophage X gam mutants (14) , T4 gene 2 mutants (25) , and phages P1 and P2 (39) is the RecBC nuclease. Although the status of the recBC genes in either of the biotypes of V. cholerae has not been examined in detail, from the studies of DNA repair mechanisms operative in these organisms (13, 26) , from sensitivity to mitomycin, and from an examination of homologous recombination (4, 5) , it seems likely that both the biotypes lack the RecBC enzyme. Furthermore, both the 14,000-and 22,000-Da proteins are located in the inner membrane and are not likely to function as RecBC nuclease, which, at least in E. coli, is a cytoplasmic protein (1) . lit mutants of E. coli are unable to support the late gene expression of phage T4, but neither DNA replication nor DNA encapsidation into phage heads is significantly altered (7) . However, while the absence of the Lit protein in E. coli inhibits growth of phage T4, the presence of the 14,000-and 22,000-Da V. cholerae biotype el tor proteins in the classical biotype hinders phage DNA replication and packaging.
While assigning the roles of the 14,000-and 22,000-Da proteins coded by the 1.2-kb biotype el tor DNA fragment in conferring phage 4149 resistance to the el tor biotype, attempts were made to delete amino acids from the N-terminal end of either the 14,000-or 22,000-Da protein, keeping the other intact. Surprisingly, neither of the two proteins could be detected in maxicell experiments with the deleted 1.2-kb DNA segment, in spite of the coding region of at least one of the proteins being kept intact. It is possible that the expression of these two genes is coordinately regulated. This might also explain why the transcripts for both these proteins are missing in the classical vibrios (Fig. 5, lane b) .
The genes coding for the 14,000-and 22,000-Da proteins are not transcribed in the classical vibrios (Fig. 5, lane b) although sequences homologous to the 1.2-kb V. cholerae biotype el tor DNA segment are present in the classical cells (Fig. 4, lane c) . In Southern blot hybridization with the 1.2-kb V. cholerae biotype el tor DNA fragment as a probe, the intensities of bands obtained with the DNA of both the biotypes were similar (Fig. 4) , indicating that there is no difference in the copy number of the genes coding for the 14,000-and 22,000-Da proteins in the two biotypes. Hence, the failure to detect transcripts in the classical biotype (Fig.  5, lane b) is not due to the fact that the genes are present in lower copy numbers in this biotype than in the biotype el tor.
The hydropathic character of the 14,000-Da protein suggests that it is possible for some parts of this protein to intercalate into the hydrophobic interior of the cell membrane while the rest of it can protrude out into the cytoplasm. The (10, 24) . The present study shows that the presence of the 14,000-and 22,000-Da proteins in the classical biotype has no effect on phage 4138 replication, a phage belonging to group II choleraphages.
